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Key points

We investigated whether the hypocaloric low- (LP) or high-
protein (HP) diets are more effective in reducing liver fat 
and which mechanisms are involved. Liver samples were 
collected during bariatric surgery after three weeks of diet. 
HP diet strongly reduced hepatic fat than LP diet despite 
lower autophagy and FGF21, and thus, primarily resulted 
from suppression of fat uptake and lipid biosynthesis.

Abstract
Background and aims: Non-alcoholic fatty liver disease (NAFLD) is becoming increas-
ingly prevalent and nutrition intervention remains the most important therapeutic 
approach for NAFLD. Our aim was to investigate whether low- (LP) or high-protein 
(HP) diets are more effective in reducing liver fat and reversing NAFLD and which 
mechanisms are involved.
Methods: 19 participants with morbid obesity undergoing bariatric surgery were 
randomized into two hypocaloric (1500-1600 kcal/day) diet groups, a low protein 
(10E% protein) and a high protein (30E% protein), for three weeks prior to surgery. 
Intrahepatic lipid levels (IHL) and serum fibroblast growth factor 21 (FGF21) were 
measured before and after the dietary intervention. Autophagy flux, histology, mi-
tochondrial activity and gene expression analyses were performed in liver samples 
collected during surgery.
Results: IHL levels decreased by 42.6% in the HP group, but were not significantly 
changed in the LP group despite similar weight loss. Hepatic autophagy flux and 
serum FGF21 increased by 66.7% and 42.2%, respectively, after 3 weeks in the LP 
group only. Expression levels of fat uptake and lipid biosynthesis genes were lower in 
the HP group compared with those in the LP group. RNA-seq analysis revealed lower 
activity of inflammatory pathways upon HP diet. Hepatic mitochondrial activity and 
expression of β-oxidation genes did not increase in the HP group.
Conclusions: HP diet more effectively reduces hepatic fat than LP diet despite of 
lower autophagy and FGF21. Our data suggest that liver fat reduction upon HP diets 
result primarily from suppression of fat uptake and lipid biosynthesis.

K E Y W O R D S

autophagy, dietary protein, ER-stress, FGF21, liver fat, mitochondria, nutrition, obesity

1  | INTRODUC TION

Non-alcoholic fatty liver disease (NAFLD), which is defined by ex-
cessive triglyceride accumulation in more than 5% of the hepato-
cytes, is becoming increasingly prevalent and causes serious global 
health problem as it affects 20%-30% of Western populations.1 The 
chronic and progressive stage of NAFLD, non-alcoholic steatohepa-
titis (NASH), dramatically increases the risks of irreversible fibrosis, 
cirrhosis and even hepatocellular carcinoma (HCC).2 Nowadays, ca-
loric restriction is a widely accepted treatment for NAFLD. However, 
it has not been fully resolved which macronutrient composition is 
most effective in reducing liver fat content. For instance, high-pro-
tein (HP) diets have been proven to increase energy expenditure, de-
crease blood glucose levels, promote fat oxidation and consequently 
support weight loss, and reduce liver fat in mouse and human stud-
ies.3-6 Low-protein (LP) diets, on the other hand, were also shown 
to increase energy expenditure and improve glucose homeostasis, 
despite an elevated food intake, in several mouse studies.7-10

Increased fibroblast growth factor 21 (FGF21) expression and 
secretion,7 and increased hepatic autophagy11,12 may contribute to 

ameliorate metabolic responses to LP diets. At present, there are 
contradictory results regarding autophagy and lipid degradation. 
Singh et al13 found that ‘lipophagy’ represents an essential pathway 
for the degradation of lipid droplets, while Shibata et al14 reported 
that autophagy was involved in the formation and growth of lipid 
droplets resulting in potentially opposite effects. In addition, the 
elevation of endogenous FGF21 secretion has also been shown to 
prevent diet-induced obesity and insulin resistance in skeletal mus-
cle-specific autophagy-deficient mice15 and has been proposed to 
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reflect a protective response in order to improve metabolic param-
eters in metabolic disorders.16 On the other hand, HP diets might 
suppress liver lipogenesis at the molecular level17-19 to reduce liver 
fat. Furthermore, mitochondrial dysfunction may contribute to de-
veloping NAFLD through the formation of ROS20 and the depletion 
of ATP levels.21

In this clinical study, we aimed to clarify whether LP or HP diets 
exert greater effects on liver fat reduction and to investigate their 
molecular mechanisms during dietary intervention. For this, we 
performed a 3-week dietary intervention in 19 participants with 
morbid obesity and an indication of NAFLD prior to bariatric sur-
gery and collected blood and liver tissue samples during surgery. 
We hypothesized that LP and HP diets might induce liver fat reduc-
tion via different mechanisms. We suggested that LP diets in con-
trast with HP intakes would induce autophagy, FGF21, and thus 
reduce liver fat content, and that HP diets might trigger increased 
mitochondrial activity and fatty acid β-oxidation, or decrease liver 
lipogenesis.

2  | MATERIAL S AND METHODS

For a detailed description of methods and materials, please refer to 
the SI Methods.

2.1 | Study design, dietary intervention, blood and 
tissue samples, and proton magnetic resonance 
spectroscopy

In cohort I, 19 participants with morbid obesity undergoing bariatric 
surgery were divided into two hypocaloric (1500-1600 kcal/d) diet 
groups (HP: 30 E% protein, 25-30 E% fat, 35-45 E% carbohydrates, 
n = 9; LP: 10 E% protein, 25-35 E% fat, 55-65 E% carbohydrates, 
n = 10), for three weeks prior to surgery (Table S1). Groups were 
matched for age, gender and body mass index (BMI). Study partici-
pants obtained food plans given as 10-d rotating menus (Table S2) 
and included recipes. HP food plans were rich in low-fat dairy 
products (cheese, milk, yoghurt), meat, eggs, fruits and vegetables, 
whereas LP (low-methionine) food plans were rich in bread, rice, 
potatoes, soy products, fruits and vegetables. Sweets, cookies and 
sweet beverages were excluded in both groups. Part of the food 
(protein shakes in the HP and vegan spreads in the LP group) was 
provided to the participants.

The primary outcome of the study was change in liver fat content 
after three weeks of dietary intervention; secondary outcomes were 
anthropometric measurements, routine biochemistry of liver param-
eters, serum markers of glucose metabolism and liver fat (FGF21), 
autophagy flux, gene expression and mitochondrial activity in the 
liver.

At the beginning and at the end of the intervention (3-5 days 
before surgery), anthropometric measurements, fasting blood 
samples, body composition determination via BOD POD (Cosmed, 

Rome, Italy) were performed. Assessment of intrahepatic lipid (IHL) 
content, measured by proton magnetic resonance spectroscopy 
(1H-MRS) was performed in the early afternoon, at the end of each 
clinical investigation day. On the day of surgery, blood, liver and adi-
pose tissue samples were collected. Study participants were advised 
to follow the diets during this gap and not to change their physical 
activity.

In cohort II, 10 obese patients, who consumed a 3-week hypo-
caloric (1200-1500 kcal/d) diet with a moderately increased protein 
intake (20-22 E% protein) and did not undergo bariatric surgery, 
were selected as a reference protein (RP) group (Table 1, Table S1). 
The serum data and IHL content from these patients were used as 
reference. The register and ethics approval of the study are shown 
in the SI Methods.

2.2 | Histology

After haematoxylin and eosin (H&E) staining, liver biopsies were 
assessed for hepatocellular ballooning, lobular inflammation, fibro-
sis and hepatic triglyceride content. Study subjects were divided 
into three groups according to the steatosis-activity-fibrosis (SAF) 
score22,23 into “normal”, “steatosis” and “NASH” groups. The histo-
logical diagnoses by SAF score in the LP and HP groups are shown 
in Table S3.

2.3 | Ex vivo examinations, protein extraction and 
Western blotting for autophagy flux

Fresh liver tissue was incubated with or without 0.1 µM bafilomycin 
A1 and 10 μg/mL leupeptin (both from Sigma Aldrich Chemie) for 
2 hours as described.24 Protein extraction was performed by lys-
ing frozen liver tissue in RIPA buffer. Western blotting and chemi-
luminescent detection were carried out on Fusion SL (PeqLab 
Biotechnologie GmbH).

2.4 | RNA extraction and gene expression analysis

Followed by RNA extraction from liver samples, gene expression 
profiling was performed by RNA-Seq as described in SI Methods. 
Expression of genes involved in autophagy, ER-stress, FGF21 path-
way and lipid metabolism was assessed by quantitative real-time 
polymerase chain reaction (qRT-PCR) as described before.25 Primer 
sequences are shown in Table S4.

2.5 | Hepatic triglyceride and citrate synthase 
activity analysis

Frozen liver tissue was powdered, lysed and homogenized for further 
analyses. Triglyceride content analysis was performed according to 
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Triglyceride Determination Kit (Sigma Aldrich Chemie) and the ab-
sorbance changes were detected at 540 nm by spectrophotometry. 
Citrate synthase (CS) activity analysis was completed by adding 
10 µL of 1:5 diluted supernatant, 215 µL reaction buffer, 25 µL acetyl 
CoA (3.6 mM) and 50 µL oxaloacetate (3 mM) in each well of the 96-
well plates and the absorbance changes were monitored at 412 nm 
for 7 minutes by spectrophotometry.

2.6 | Hepatic mitochondrial respiration analysis

Mitochondrial respiration analysis was performed in the homog-
enized liver using the high-resolution respirometry OROBOROS 
O2k-Core (Oroboros Instruments) at 37°C in a hyperoxygenated en-
vironment. Substrates were added according to a multiple substrate-
uncoupler-inhibitor titration (SUIT) protocol and shown in the online 
supplemental methods.26-28

2.7 | Power calculation and statistical analysis

Power calculation was completed using the G-Power software 
v.3.1 for the primary end point Δ liver fat content. Power calcula-
tion was based on the difference of liver fat after 6 weeks of the 
high-protein diet observed in [ref. 3] where the mean reduction in 
the liver fat content was −7.0% with standard deviation 5.4%. For 
the paired parametric design and α < 0.05, the calculated sam-
ple size was seven subjects in each treatment group for statistical 
power of 80%, and six subjects in each treatment group for statis-
tical power of 70%.

Statistical analysis was performed via SPSS Statistics (IBM) and 
figures were plotted in GraphPad Prism (GraphPad Prism Inc). Data 
are reported as mean ± standard error of the mean (SEM). T test 
and Mann-Whitney-U test were used to compare two groups, while 
ANOVA with subsequent post-hoc analysis (LSD test) was applied to 
compare more than two groups. Correlation analysis was performed 
through Pearson's coefficient or Spearman's rank correlation coeffi-
cient. Statistical significance was defined as P < .05.

3  | RESULTS

3.1 | Clinical characteristics of subjects

In cohort I, 19 subjects completed LP (age of 47 ± 9 years, BMI 
at baseline of 46.4 ± 3.4 kg/m2) or HP (age of 49 ± 9 years, BMI 
at baseline of 44.2 ± 1.3 kg/m2) dietary intervention. In cohort 
II, 10 subjects, who consumed a moderately high-protein diet 
and did not undergo bariatric surgery, was selected as a refer-
ence protein group (RP, age of 56 ± 2 years, BMI at baseline of 
38.5 ± 1.7 kg/m2).

After 3 weeks of hypocaloric diets, BMI decreased significantly 
and similarly in all groups (LP: −1.7 kg/m2, PLP = .001; HP: −1.5 kg/

m2, PHP = .001; RP: −1.9 kg/m2, PRP = 3.5 × 10−5) as did weight (LP: 
−5.3 kg, PLP = 4.43 × 10−4; HP: −4.7 kg, PHP = 2.36 × 10−4; RP: −5.3 kg, 
PRP = 3.6 × 10−5). The changes in BMI among the three groups 
showed no significant differences (PLPvs.HPvs.RP = .324) (Table 1). At 
the day of surgery, body weight remained decreased in comparison 
with baseline (LP: −4.2 kg, PLP = .004; HP: −4.4 kg, PHP = .001).

After 3 weeks of diets, serum γ-glutamyl transferase (GGT) de-
creased significantly in the LP and RP group, but increased signifi-
cantly in the HP group (Table 1). The levels of serum urea, as a marker 
for dietary protein intake, decreased dramatically after the interven-
tion in the LP group (PLP = 1.63 × 10−4), remained unchanged in the 
RP group and increased significantly in the HP group (PHP = 0.031), 
indicating a good compliance to the dietary intervention (Table 1).

After interventions, serum levels of total, HDL-, LDL-cholesterol 
and triglyceride decreased in the RP group as well as total and LDL-
cholesterol in the HP group (PHP = .040 and PHP = .052 respectively) 
(Table 1). Fasting glucose decreased significantly only in the LP group 
(PLP = .002), while the mean fasting serum insulin and HOMA-IR, 
as a marker of insulin sensitivity, decreased by about 50% in all 
groups (insulin: PLP = 4.25 × 10−4; PHP = .042; PRP = .010; HOMA-IR: 
PLP = .004; PHP = .081; PRP = .028) (Table 1).

3.2 | Intrahepatic lipid and hepatic 
triglyceride content

In order to determine IHL levels at the beginning of the intervention 
and 3 weeks later, 1H-MRS analyses were performed. 21 subjects 
(6 in the LP group, 5 in the HP group, and 10 in the RP group) com-
pleted 1H-MRS at baseline and after 3 weeks. IHL levels of all these 
21 participants before the intervention were above the threshold 
for NAFLD definition of 5.56% by Szczepaniak et al.29 Baseline lev-
els of IHL in the LP group were higher than in the HP group (PLPvs.

HP = .041), although both groups had similar baseline BMI (PLPvs.

HP = .387).
There were strong reductions in IHL by 42.6% in the HP group 

(PHP = .014) and by 36.7% in the RP group (PRP = 2.45 × 10−4). By con-
trast, no significant reduction in IHL in the LP group (PLP = .144) was 
observed. The differences in the changes in IHL levels between the 
LP and HP groups, and between the LP and RP groups were signifi-
cant (PLPvs.HP = .001; PLPvs.RP = .001) (Figure 1A). However, these 21 
participants similarly and significantly reduced their BMI (LP: −4.4%, 
PLP = .028; HP: −4.6%, PHP = .001; RP: −4.9%, PRP = 3.5 × 10−5), 
without difference between the three groups (PLPvs.HPvs.RP = .895) 
(Figure 1B). In addition, there was no correlation between changes 
of IHL and changes of BMI (r = .212, P = .356), fat mass (r = .273, 
P = .417), fat-free mass (r=−.173, P = .612) and HOMA-IR (r = .033, 
P = .900). Figure 1C moreover shows the impressively greater re-
ductions of IHL in virtually all patients in the HP group as compared 
to the LP group.

The hepatic triglyceride levels in liver biopsies, which are shown 
in Figure 1D, were approximately twofold higher in the LP than in 
the HP group (PLPvs.HP = 1.09 × 10−4) and highly correlated with the 
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IHL contents detected via 1H-MRS after the 3-week intervention 
(r = .790, P = .004), indicating that both methods for determin-
ing liver fat content should be considered as correct and reliable 
(Table 2). Hepatic triglyceride levels were significantly different be-
tween “normal”, “steatosis” and “NASH” groups divided according to 
the SAF score (P“normal”VS.”steatosis”VS.”NASH” = .002) being the lowest in 
the “normal” group, and highest in the “NASH” group (Figure 1F-E).

3.3 | LC3B II protein levels in autophagy flux

As the autophagy was shown to essentially contribute to the regula-
tion of hepatic lipid metabolism and intracellular lipid stores,13,14 we 
investigated dynamic indicators of autophagy (LC3B II flux) upon HP 
and LP diets. For this, fresh liver tissue was obtained during bariatric 
surgery and incubated with or without lysosomal proteolytic inhibitors 

F I G U R E  1   IHL reduced effectively in the HP group after the dietary intervention; high correlation between hepatic triglycerides and 
histology. (A) IHL at the baseline and after 3-week dietary intervention in the LP, HP and RP groups by 1H-MRS. nLP = 6, nHP = 5, nRP = 10. 
(B) Body mass index at the baseline and after 3-week dietary intervention in the LP, HP and RP groups. nLP = 6, nHP = 5, nRP = 10. (C) ΔBMI 
change and ΔIHL change. nLP = 6, nHP = 5. (D) Liver triglyceride levels in the LP and HP groups (quantified in liver samples and normalized 
to protein concentration). nLP = 10, nHP = 9. (E) Hepatic triglyceride content in different stages of NAFLD by histology (scored by SAF). 
nLP = 10, nHP = 9. (F) Microscopy images of liver biospies of three patients as examples in different stages of NAFLD or hepatic triglyceride 
content after H&E stain (scored by SAF). Abbreviations: BMI, body mass index; HP, high-protein diet; IHL, intrahepatic lipid; LP, low-protein 
diet; NASH, non-alcoholic steatohepatitis; SAF, steatosis-activity-fibrosis; TG, triglyceride. *P < .05, **P < .01, ***P < .001. ns, not significant 
(P > .05). Data are presented as mean ± SEM
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(bafilomycin and leupeptin) in ex vivo experiments. Subsequently, 
LC3B II protein levels were assessed via Western blotting.

Ratios of LC3B II levels with/without proteolytic inhibitors were 
used for the assessment of autophagy flux. Incubation with lysosomal 
proteolytic inhibitors induced a significant increase in LC3B II (the lip-
idated form of LC3) protein levels by 66.7% in the LP group compared 
to the incubation without the inhibitors (PLP = .038). The average ratio 
with/without inhibitors was 1.83 for the LP group and 0.97 for the HP 
group. However, in the HP group, incubation with lysosomal proteo-
lytic inhibitors had no effect on LC3B II (−2.8%, PHP = .322), resulting 
in a marked difference between the LP and HP groups (PLPvs.HP = .029; 
Padj = .056 after the adjustment for the baseline IHL) (Figure 2 A, B).

In order to gain further insight into the metabolic mechanism 
associated with autophagy, bivariate correlation analyses were 
performed. Autophagy flux was significantly correlated with IHL 
(r = .786, P = .036), hepatic triglycerides (r = .764. P = .002), serum 
FGF21 (r = .615, P = .025), hepatic gene expression of FGF21 
(r = .555, P = .049) (Table 2) and ATF4 (r = .621, P = .024). However, 
there was no significant correlation between autophagy flux and ex-
pression of autophagy related genes (LC3A, LC3B, and ATG5).

3.4 | Serum FGF21 and expression levels of hepatic 
FGF21 pathway related genes

FGF21 is a metabolic hormone which is strongly regulated by pro-
tein restriction and autophagy and also involved in endoplasmic 

reticulum (ER) stress upon liver fat accumulation.15,16 To investigate 
the role of FGF21 in the effects of dietary protein on the liver fat, 
gene expression levels of FGF21, fibroblast growth factor receptor 
1 (FGFR1), fibroblast growth factor receptor 2 (FGFR2) and klotho 
beta (KLB) were measured after the dietary intervention in the liver 
samples.

During the dietary intervention, serum FGF21 levels were not 
significantly changed in the HP group (PHP = .220) and increased in 
the LP group by 42.2% (PLP = .047). The difference in the FGF21 
changes between the LP and HP groups was significant (PLPvs.

HP = .005) (Figure 2C). Post-intervention, hepatic gene expression 
levels of FGF21, FGFR1, FGFR2 and KLB were higher in the LP group 
compared to the HP group (FGF21: PLPvs.HP = .008; FGFR1: PLPvs.

HP = .007; FGFR2: PLPvs.HP = .005; KLB: PLPvs.HP = .049) (Figure 2D). 
In addition, there was a positive correlation between serum FGF21 
and hepatic FGF21 gene expression levels (r = .709, P = .001) 
(Table 2).

3.5 | Hepatic gene expression levels

We further investigated expression levels of genes involved in au-
tophagy, ER-stress, fat uptake, fatty acid β-oxidation, de novo lipogen-
esis and lipid storage – processes involved in the regulation of liver fat 
accumulation - in the LP and HP groups. Expression levels of LC3A, 
ATG5, BiP, XBP1s, XBP1, DDIT3, LPL, ChREBP, FASN, SREBP1c, ACC1, 
ACC2, AMPKγ1 and SCD1 were higher in the LP group than those in 

Liver Serum
Hepatic 
gene

Autophagy 
flux Triglycerides IHL

CS 
activity FGF21 FGF21

Triglycerides

r .764

P value .002

IHL

r .786 .790

P value .036 .004

CS activity

r .357 .411 .650

P value .231 .080 .030

Serum 
FGF21

r .615 .606 .919 .106

P value .025 .006 6.5 × 10−5 .667

Hepatic 
FGF21

r .555 .511 .828 −.270 .709

P value .049 .025 .002 .263 .001

Bold font shows significant P-values (P < .05).
Abbreviations: CS, citrate synthase; FGF21, fibroblast growth factor 21; IHL, intrahepatic lipid.

TA B L E  2   Post-diet correlation analysis 
of autophagy, liver fat content, citrate 
synthase (CS) activity and fibroblast 
growth factor 21 (FGF21)
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the HP group (Figure 3 A, B, Table S5). Expression of genes involved 
in fatty acid β-oxidation was not different between groups (Figure 3 
A, B).

The expression of autophagy-related genes was posi-
tively correlated with that of ER-stress-related genes (Table 3). 

Furthermore, ATF4 gene expression was positively correlated 
with autophagy flux (r = .621, P = .024). Moreover, hepatic tri-
glyceride content was significantly correlated with the gene ex-
pression levels of LC3A, ATG5, BiP, XBP1s, XBP1, ATF4, DDIT3 and 
FGF21 (Table 3).

F I G U R E  2   Autophagy flux and FGF21 increased significantly in the LP group after the dietary intervention. (A-B) Fold changes of LC3 
II levels (in the absence and the presence of autophagy inhibitor) for dynamic autophagy flux. nLP = 7, nHP = 6. (C) Serum FGF21 at the 
baseline and 3-week dietary intervention in the LP and HP groups by ELISA. nLP = 10, nHP = 7. (D) Expression levels of FGF21 pathway 
(FGF21, FGFR1, FGFR2 and KLB) related genes via qRT-PCR (normalized to the geometric mean of HPRT and RPLP0). nLP = 10, nHP = 9. 
Abbreviations: Baf, bafilomycin A1; FGF21, fibroblast growth factor 21; FGFR1, fibroblast growth factor receptor 1; FGFR2, fibroblast 
growth factor receptor 2; HP, high-protein diet; KLB, klotho beta; Leu, leupeptin; LC3B, microtubule-associated protein 1B-light chain 3; LP, 
low-protein diet. *P < .05, **P < .01, ***P < .001. ns, not significant (P > .05). Data are presented as mean ± SEM
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3.6 | RNA-seq-based pathway analysis

To gain further insight into the molecular mechanisms involved in 
dietary protein induced changes in liver, RNA-seq was performed 
(n = 10 in the LP group and n = 9 in the HP group). Differential 
expression analyses showed that 66 genes were higher and 70 
genes were lower expressed in the HP group compared with the 
LP group from a total of 22 273 detected transcripts. GO analyses 
revealed a range of changed pathways (Table S6) including path-
ways linked to hepatic amino acid biosynthesis and amine metab-
olism which were enriched in the HP group (Table 4). Moreover, 
transcript coding argininosuccinate synthetase (ASS1), an impor-
tant enzyme in the urea cycle, was expectedly up-regulated upon 
HP diet (Table S6). Furthermore, pathways involved in glucose im-
port and glycogen biosynthesis in the liver were enriched in the 
HP group compared with the LP group (Table 4). In contrast, in the 
LP group, genes involved in triglyceride hydrolysis (LPL, FABP4, 
FABP5) were up-regulated compared with HP group (Table 4). 
Moreover, in the LP group, pathways involved in inflammation, 
apoptosis, chemotaxis, I − κB/NF − κB signalling, ERK1/ERK2 cas-
cade showed higher activity and several markers of liver fibrosis 
(COL1A2, COL1A1) were expressed higher (Table 4). PCR analysis 
confirmed that the proinflammatory cytokine MCP1 and the M1 
macrophage marker ITGAX (CD11c) were expressed higher upon 
LP diet (MCP1: PLPvs.HP = .015; ITGAX: PLPvs.HP = .043) (Figure 3C). 
Expression of fibrosis markers αSMA, COL1A1, COL3A1, COL6A1 
and TGFβ1 showed no significant between-group differences 
(data not shown).

3.7 | Hepatic mitochondrial and citrate 
synthase activity

We further hypothesized that HP diet reduced liver fat by trigger-
ing mitochondrial activity. In order to investigate the influence of 
dietary protein on the mitochondria of the liver, mitochondrial res-
piration analyses in fresh liver samples and citrate synthase (CS) ac-
tivities were determined (n = 5 in the LP group and n = 5 in the HP 
group). Hepatic mitochondrial activity was normalized by CS activity 
as a marker of mitochondrial mass.30

There were significant differences of CS activity between “nor-
mal”, “steatosis” and “NASH” groups (P“normal”VS.”steatosis”VS.”NASH

” = .030). “NASH” group had the highest CS activity and was sig-
nificantly different from the “steatosis” and the “normal” group 
(P“normal”vs.”NASH” = .045; P“steatosis”vs.”NASH” = .014). Additionally, 
the OXPHOS respiration and the maximal uncoupled respira-
tion (ETSmax) were significantly lower in the “NASH” compared 
to the “normal” group (OXPHOS: P“normal”vs.”NASH” = .050; ETSmax: 
P“normal”vs.”NASH” = .040) (Figure 4 A-C).

The CS activity, however, was not influenced by protein in-
take (PLPvs.HP = .735). Mitochondrial activity in the HP group was 
not significantly different from that in the LP group although it 
showed a tendency to increase in all the respiration processes 

in the HP group (Figure 4 D, E). However, there were strong cor-
relations between hepatic CS activity and IHL content (r = .963, 
P = .002) (Table 2), and between ETSmax respiration and IHL con-
tent (r=−.906, P = .013).

4  | DISCUSSION

The most important finding of our study is that, compared to LP in-
take, the 3-week HP diet more effectively reduced IHL in morbidly 
obese patients which was the primary outcome in this study. Both 
strategies were differentially accompanied by metabolic improve-
ments of secondary outcomes - serum transaminases, lipid, uric acid, 
glucose and insulin levels. The HP strategy additionally showed a de-
crease in oxidative stress conditions. Furthermore, our study showed 
that different mechanisms are involved in metabolic improvements 
induced by HP and LP diets. Indeed, FGF21 and autophagy, which 
have been associated with metabolic improvements, increased only 
in the LP but not in the HP diets. Contrary with expectations, the mi-
tochondrial activity and expression levels of genes involved in fatty 
acid β-oxidation were not increased in the HP compared to LP diets. 
Interestingly, however, genes related to lipid biosynthesis displayed 
lower expression levels in the condition of HP diets.

To our knowledge, this is the first human study investigating 
whether HP or LP diets are more effective for liver fat reduction 
in patients with morbid obesity and NAFLD indication undergoing 
bariatric surgery. Although all groups, LP, HP and RP, reduced weight 
and BMI because of the moderate caloric restriction, the HP group 
was more effective in eliminating the intrahepatocellular lipids than 
the LP group. Two participants in the LP group even slightly gained 
liver fat despite weight loss. Remarkably, there was no correlation 
between weight (or BMI) loss and reduction of liver fat. Moreover, 
although the LP and RP groups had similar baseline liver fat, the liver 
fat reduction was more effective in the RP group, suggesting that 
even a moderate increase of the protein intake up to 20-22 EN% 
has a stronger effect on liver fat reduction than LP intake. Similar 
results were published in other groups of subjects. Martens et al re-
ported IHL reduction after isocaloric HP diet compared to LP diet.31 
However, the study was conducted in healthy subjects with BMI 
of 24 kg/m2 and IHL below 0.4% at baseline. Similarly, Drummen 
et al observed a significant decrease in IHL in obese participants 
after 8 weeks of hypocaloric HP diet (35-40 E% protein) and 
20 weeks of hypocaloric HP diet.32 Important result of our study is 
that we demonstrated the strong reduction in liver fat already after a 
short-term (3-weeks) HP diet. Taken together, we concluded that HP 
diet reduced liver fat more effectively than LP diet in the presence 
of moderate weight loss, regardless of the baseline liver fat content.

Hence, the effective reduction of liver fat by HP diets seems to 
be accomplished by pathways independent of overall fat mass re-
duction. We hypothesize that HP diet reduced liver fat by triggering 
mitochondrial activity and fatty acid β-oxidation. It was previously 
demonstrated that obesity, NAFLD, and insulin resistance are asso-
ciated with mitochondrial dysfunction.33-36 The lower mitochondrial 
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activity and higher CS activity in NASH patients compared to sub-
jects with normal liver or simple steatosis showed a similar pattern 
as previously reported by Koliaki et al.37 In addition, CS activity was 
positively correlated with IHL via 1H-MRS and NAFLD stages diag-
nosed by SAF score indicating that CS activity is up-regulated by 
hepatic fat accumulation and may represent an attempt to counter-
balance the increased lipids by increased oxidation. Interestingly, 
methionine-restriction was shown to increase mitochondrial mass, 

size and capacity in liver, muscle and adipose tissue in some rodent 
studies.38-40 However, this was not the case in the LP group where 
methionine intake was very low because of the vegetarian protein 
source. On the other hand, Garcia-Caraballo et al 41 found an in-
creased mitochondrial oxidative capacity, but no changes in CS ac-
tivity by a HP diet, which corresponds to our findings.

Importantly, the expression levels of genes regulating fat up-
take, de novo lipogenesis and lipid storage were down-regulated 

TA B L E  3   Post-diet correlations between autophagy-related and endoplasmic reticulum (ER)-stress-related genes in liver

Autophagy ER-stress

LC3A LC3B Atg5 BiP XBP1s XBP1 ATF4 DDIT3

LC3B

r .632

P value .004

Atg5

r .837 .486

P value 7.9 × 10−6 .035

BiP

r .704 .413 .598

P value .001 .079 .007

XBP1s

r .822 .545 .575 .606

P value 1.6 × 10−5 0.016 .010 .006

XBP1

r .821 .624 .595 .561 .976

P value 1.7 × 10−5 .004 .007 .012 1.3 × 10−12

ATF4

r .638 .652 .533 .475 .814 .771

P value .003 .002 .019 .040 2.3 × 10−5 1.1 × 10−4

DDIT3

r .717 .464 .470 .679 .882 .840 .801

P value .001 .045 .042 .001 5.8 × 10−7 6.8 × 10−6 3.8 × 10−5

Abbreviations: ATF4: activating transcription factor 4; Atg5: autophagy-related protein 5; BiP: binding of immunoglobulin protein; DDIT3: DNA 
damage-inducible transcript protein 3; ER: endoplasmic reticulum; HP: high-protein diet; LC3A: microtubule-associated protein 1A-light chain 3; 
LC3B: microtubule-associated protein 1B-light chain 3; LP: low-protein diet; XBP1: X-box binding protein 1; XBP1s: spliced X-box binding protein 1. 
Bold font shows significant p-values (P < .05).

F I G U R E  3   Expression of autophagy, ER stress, lipid biosynthesis and inflammatory genes were significantly higher in the LP group. 
(A) Expression levels of autophagy (LC3A, LC3B and Atg5) and ER stress (BiP, XBP1s, XBP1, ATF4 and DDIT3) related genes via qRT-PCR 
(normalized to HPRT). (B) Expression levels of fat uptake (LPL), fatty acid β-oxidation (IRS-1, MCAD, ACOX1, ACOX2, CPT1A and PPARα), 
de novo lipogenesis (ChREBP, FASN, SREBP1c, ACC1, ACC2 and AMPKγ1), and lipid storage (PPARγ and SCD1) related genes via qRT-PCR 
(normalized to the geometric mean of HPRT and RPLP0). (C) Expression of genes involved in inflammatory pathways (ITGAX, IL6, MCP1, 
TNFα, IL1B, IL10). nLP = 10, nHP = 9. Abbreviations: ACC1, acetyl-CoA carboxylase 1; ACC2, acetyl-CoA carboxylase2; ACOX1, acyl-CoA 
oxidase 1; ACOX2, acyl-CoA oxidase 2; AMPKγ1, AMP-activated protein kinase γ1; ATF4, activating transcription factor 4; Atg5, autophagy-
related protein 5; BiP, binding of immunoglobulin protein; ChREBP, carbohydrate-responsive element-binding protein; CPT1A, carnitine 
palmitoyltransferase 1A; DDIT3, DNA damage-inducible transcript protein 3; ER, endoplasmic reticulum; FASN, fatty acid synthase; HP, 
high-protein diet; IL, interleukin; IRS1, insulin receptor substrate 1; ITGAX, Integrin subunit alpha x; LC3A, microtubule-associated protein 
1A-light chain 3; LC3B, microtubule-associated protein 1B-light chain 3; LP, low-protein diet; LPL, lipoprotein lipase; MCAD, medium-
chain specific acyl-CoA dehydrogenase; MCP1, monocyte chemoattractant protein 1; PPARα, peroxisome proliferator activated receptor 
α; PPARγ, peroxisome proliferator activated receptor γ; SCD1, stearoyl-CoA desaturase 1; SREBP1c, sterol regulatory element-binding 
protein 1c; TNFα, tumor necrosis factor alpha; XBP1, X-box binding protein 1; XBP1s, spliced X-box binding protein 1. *P < .05, **P < .01, 
***P < .001. ns, not significant (P > .05). Data are presented as mean ± SEM
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by the HP diet as confirmed by RNA-seq data for LPL, FABP4 and 
FABP5. LPL, which was down-regulated upon HP intake, can hy-
drolyse chylomicron triglycerides to NEFAs and promote hepato-
cellular uptake of chylomicron remnants and NEFAs.42 FABP4 and 
FABP5 can bind and promote uptake of fatty acids as lipid transport 
proteins. Zhu et al 43 found that NASH patients had much higher 
expression of lipid transport proteins such as CD36 and FABP1 and 
concluded that an increase in fatty acid uptake contributes more 
to fat deposition than changes in de novo lipogenesis or fatty acid 
β-oxidation.

As the main source of de novo lipogenesis, dietary carbohy-
drates are widely accepted to up-regulate hepatic lipogenesis. 
Interestingly, previous studies revealed that dietary protein also 
played a role in the regulation of lipid biosynthesis. Expression 
levels of SREBP1c,44,45 FASN,18,46 ACC,18,46 SCD1 45 and PPARγ,18 
involved in de novo lipogenesis and lipid storage, were down-reg-
ulated by HP intake in several rodent studies. The diminished lipo-
genesis could be related to HP diet stimulated glucagon secretion 
but lower glycemic action,47 but also to the function of dietary 
ketogenic essential amino acids.45 The relatively lower carbohy-
drate content in HP diets might have also partly contributed to the 
larger decrease in de novo lipogenesis and intrahepatic fat. Also, 
in contrast with lipogenesis genes, dietary protein intake did not 
change the expression of genes involved in lipid oxidation or the 
substrate oxidation estimated by indirect calorimetry in several rat 
studies.44,46 In our study, no difference in gene expression levels 
involved in fatty acid β-oxidation between the LP and HP diets was 
observed. Stepien et al 46 attributed the unchanged lipid oxidation 
to a phenomenon observed by starvation, since the gene expression 

of enzymes involved in lipid oxidation changed more slowly than 
those involved in lipogenesis.48 Additionally, Zhu et al 43 showed 
that the increased hepatic fat uptake and de novo lipogenesis might 
be the most common cause for the formation of steatosis in NASH 
patients. Then, HP diets might reverse steatosis through the sup-
pression of these two processes.

Previous studies showed that LP diets promote autophagy by a 
GCN2-mediated stress response to the deficiency of amino acids. 
Also, ‘lipophagy’ as a potential player of autophagy in lipid metabo-
lism has been described in several papers.13,49 Originally, we hypoth-
esized that autophagy could help to eliminate the intrahepatocellular 
lipids in LP diets by supporting lipophagy. From the dynamic analy-
ses of autophagy flux after 3 weeks of intervention, we confirmed 
that the LP group displayed significantly elevated autophagy flux, 
while autophagy flux in the HP group was unchanged. We conclude 
that, although LP diets increased autophagy levels, the ability to 
eliminate liver fat did not increase correspondingly. Some papers 
reported that autophagy is involved in the formation and growth of 
lipid droplets.14 How autophagy keeps a balance between ‘lipoph-
agy’ or the genesis of lipid droplets and the final effect of autophagy 
on hepatic lipid metabolism is still not known. In order to gain further 
insight into the molecular mechanism associated with autophagy, 
correlation analyses were performed. Expression of autophagy-re-
lated genes was positively correlated with ER-stress-related genes, 
and autophagy flux was positively correlated with ATF4 gene expres-
sion, which is in line with the fact that the ATF4 pathway can pro-
mote stress-induced autophagy gene expression.50-52 However, we 
found no significant correlation between autophagy flux and auto-
phagy-related gene expression which might be explained by the fact 

TA B L E  4   Affected GO pathways related to the metabolic regulation

Category Term P value Count

Higher in the HP vs. LP group

GO:0008652 Cellular amino acid biosynthetic process 2.7 ✕ 10−5 4

GO:0046326 Positive regulation of glucose import 0.002 3

GO:0009308 Amine metabolic process 0.018 2

GO:0045725 Positive regulation of glycogen biosynthetic process 0.033 2

Lower in the HP vs. LP group

GO:0030199 Collagen fibril organization 2.8✕10-4 4

GO:0070374 Positive regulation of ERK1 and ERK2 cascade 0.003 5

GO:0019433 Triglyceride catabolic process 0.003 3

GO:0050900 Leukocyte migration 0.007 4

GO:0043123 Positive regulation of I − κB kinase/NF − κB signaling 0.016 4

GO:0050776 Regulation of immune response 0.021 4

GO:0030198 Extracellular matrix organization 0.026 4

GO:2000406 Positive regulation of T cell migration 0.032 2

GO:0006954 Inflammatory response 0.035 5

GO:0050921 Positive regulation of chemotaxis 0.039 2

GO:0097284 Hepatocyte apoptotic process 0.042 2

Note: nLP = 10, nHP = 9.
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that the dynamic levels of autophagy flux (LC3B II) are correlated 
with the function of autophagosomes rather than the number.53 
In addition, hepatic autophagy flux was positively correlated with 

circulating FGF21 and hepatic FGF21 gene expression levels. Zhu 
et al11 proposed that FGF21, which is potently induced by ER-stress, 
may up-regulate autophagy.

F I G U R E  4   Liver mitochondrial and citrate synthase activity. (A) Representative trace of oxygen (O2) concentration (blue line) and O2 
flux (red line) during substrate-uncoupler-inhibitor-titration (SUIT) protocol for mitochondrial respiratory capacity in human liver biopsies: 
Malate + Glutamate (Leak respiration), ADP (OXPHOS capacity), Cytochrome c (Integrity of outer mitochondrial-membrane), Pyruvate 
& Succinate (ETSCI&CII), FCCP (ETS maximum capacity), Rotenone + Antimycin A (less than 2% residual oxygen consumption, ROX). (B) 
Hepatic CS activity in different stages of NAFLD by histology (histology scored by SAF; normalized to protein concentration). nLP = 5, 
nHP = 5. (C) Hepatic mitochondrial activity in different stages of NAFLD by histology (histology scored by SAF; normalized to CS activity). 
nLP = 5, nHP = 5. (D) Hepatic CS activity in the LP and HP groups (normalized to protein concentration). nLP = 5, nHP = 5. (E) Hepatic 
mitochondrial activity in the LP and HP groups (normalized to protein concentration). nLP = 5, nHP = 5. Abbreviations: CS, citrate synthase; 
ETS, mitochondrial electron transport system; HP, high-protein diet; LP, low-protein diet; NASH, non-alcoholic steatohepatitis; Oxphos, 
oxidative phosphorylation; SAF, steatosis-activity-fibrosis; TG, triglyceride. *P < .05, **P < .01, ***P < .001. ns, not significant (P > .05). Data 
are presented as mean ± SEM
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Our data show a lower post-diet level of ER-stress in the HP 
group which may be related to the stronger reduction of liver fat. 
However, this is difficult to assess in our study cohort because 
liver fat in the HP group was lower at the onset of the study. 
Therefore, this group may have started out with lower levels of 
ER-stress. However, the correlation of ER-stress markers and he-
patic triglycerides persisted in the HP group indicating that the 
protein induced reduction in liver fat also reduced hepatic ER-
stress. This is also supported by the trend towards a reduction in 
serum FGF21 in the course of the study. Although the FGF21 de-
crease upon the HP diet did not achieve the statistical significance 
in the current study, possibly because of the relatively low subject 
number, it was clearly demonstrated in our previous study in 37 
subjects upon diets rich in both animal or plant proteins.54 The 
reduction of protein intake may have added the stress induced by 
amino acid deficiency on to the preexisting ER-stress induced by 
obesity and hepatic steatosis and thereby may have reduced the 
efficiency of liver fat reduction.

The RNA-seq analysis of liver samples revealed a range of 
pathways which are differently regulated upon HP and LP intake 
and could affect NAFLD pathogenesis. As expected, GO analyses 
revealed that pathways linked to hepatic amino acid biosynthesis 
and amine metabolism were enriched in the HP group. Moreover, 
transcript coding ASS1, an important enzyme in the urea cycle, was 
expectedly up-regulated upon HP diet. We also found a range of 
additional pathways differently regulated upon HP and LP intake. 
Particularly, we found that inflammatory pathways (involved in leu-
kocyte migration, chemotaxis, I − κB/NF − κB signaling, and ERK1/
ERK2 cascade) showed lower activity upon HP diet which was con-
firmed by qPCR data of the expression of proinflammatory markers 
MCP1 and ITGAX in the liver. These data agree with our previous 
observation that HP diet moderately reduces proinflammatory cy-
tokine levels in the circulation of subjects with type 2 diabetes.3 
Interestingly, inflammasome NLRP6, which expression was also af-
fected by the protein intake, is regulated by microbial-derived me-
tabolites and represents a promising cross-point between innate 
immunity and metabolic control.55 Further studies are required to 
elucidate detailed molecular mechanisms of the regulation of liver 
inflammation by dietary protein intake.

There are some limitations of the study that should be men-
tioned. 19 subjects were divided into two different dietary 
groups prior to the intervention matched by age, gender and BMI. 
However, as it was mentioned above, individuals in the LP group 
had higher liver fat content and higher serum FGF21 and GGT lev-
els at baseline. Considering the correlation of autophagy flux with 
IHL, serum FGF21, hepatic gene expression of FGF21 and ATF4 
levels, the unequal liver fat content might impede the interpreta-
tion of the effect of dietary intervention. Furthermore, a higher fat 
accumulation in the LP group may signal a depot more resistant to 
mobilization upon the dietary intervention. Nevertheless, adjust-
ment of the data on the autophagy flux and gene expression to 
the baseline hepatic fat content showed a similar tendency as un-
adjusted data. Four genes remained significantly lower in the HP 

group and many others showed a trend (0.1 > P>.05) to be lower 
expressed in the HP group (Table S5). Thus, our analysis confirmed 
the effect of the dietary protein intake on various mechanisms of 
the liver fat reduction independent from the baseline hepatic fat 
content.

The next limitation is the relatively small number of study sub-
jects because of the inclusion criteria prior to a bariatric surgery. 
Nevertheless, according to the power calculation, our study was 
powered sufficiently to detect dietary-induced differences of liver 
fat content.

The next limitation is that protein intake during the interven-
tion was not checked directly (eg by food protocol), so one cannot 
be sure about the consumed levels. However, study participants 
obtained food plans given as 10-d rotating menus which were 
easy to follow. Furthermore, we measured serum urea levels, a 
well-established marker of protein intake, and found a signifi-
cant increase in the HP group and a significant decrease in the 
LP group, from where we could conclude a good compliance to 
the diets, although we cannot define the exact protein intake 
achieved. Although a 3-5 days gap was between the dietary in-
tervention and the surgery, patients were asked to continue fol-
lowing the diets and their body weight remained decreased in 
comparison with baseline without marked regain. Data from the 
RP group demonstrate that even a moderate increase in protein 
intake leads to more effective decrease in liver fat compared to 
the LP group, supporting our findings and interpretation. Future 
studies in rodents and cell culture are needed to elucidate mo-
lecular mechanisms underlying the observed effects of dietary 
protein intake and the role of FGF21, inflammatory factors and 
other biomarkers.

In summary, HP diet had stronger effects on liver fat reduction 
than LP diet, even though LP diet seemed to increase glucose toler-
ance at least as effectively as HP diet. Although LP diet could dramat-
ically elevate autophagy flux and FGF21 levels in liver and circulation 
compared to HP diets, there was no evidence that autophagy could 
help to eliminate the intrahepatocellular lipids. A triggered mitochon-
drial activity and fatty acid β-oxidation upon HP diet was also one of 
our mechanistic hypotheses to explain the effective liver fat reduction. 
However, hepatic mitochondrial activity and fatty acid β-oxidation 
gene expression did not change upon HP diet. Diet induced changes 
of other metabolic pathways, eg suppression of hepatic fat uptake, de 
novo lipogenesis and lipid storage upon HP diet might be explanatory 
for the marked liver fat reduction.
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